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ABSTRACT: Hydrogen production from electrochemical water
splitting is a promising route to pursue clean and sustainable energy
sources. Here, a three-dimensional nanoporous Cu—Ru alloy is
prepared as a high-performance platinum-free catalyst for hydrogen
evolution reaction (HER) by a dealloying process. Significantly, the
optimized nanoporous alloy Cug;Ru,, exhibits remarkable catalytic
activity for HER with nearly zero onset overpotential and ultralow
Tafel slopes (~30 and ~35 mV dec™") in both alkaline and neutral
electrolytes, achieving a catalytic current density of 10 mA cm > at
low overpotentials of ~15 and ~41 mV, respectively. Operando X-
ray absorption spectroscopy experiments, in conjunction with DFT
simulations, reveal that the incorporation of Ru atoms into the Cu
matrix not only accelerates the reaction step rates of water
adsorption and activation but also optimizes the hydrogen bonding

energy on Cu and Ru active sites, improving the intrinsic activity for HER.

ydrogen (H,) generation through electrochemical
H water splitting is considered as an efficient route to

meet the growing demands for renewable and clean
energy resources. ~ As a critical component of electro-
chemical water splitting technologies, electrocatalysts deter-
mine the energy conversion efficiency of hydrogen evolution
reaction (HER), which urgently needs high-efficiency catalysts
with low overpotential for large-scale applications.”” Platinum
(Pt) is regarded as the most efficient HER catalyst in acidic
media, but it shows 2—3 orders of magnitude lower conversion
efficiency when operating in basic or neutral media due to its
much more slu%gish water dissociation capability during the
HER process.””" Although nonprecious-metal-based catalysts
have been widely explored as enhanced HER catalysts through
accelerating the kinetics of water dissociation and hydrogen
evolution, including transition metals (such as Fe, Co, Ni, Mo,
and W) and their alloys,”~'> compounds (such as sulfides,"*"*
selenide,'”'® carbides,'” phosphides,"®"” and related hy-
brids’’) have turned out to be competitive candidates but
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still inferior to the Pt-based catalysts in overpotential and
durability. Therefore, it is highly desirable to explore novel
HER catalysts with better activity than commercial Pt/C in
basic and neutral media.

Recently, encouraging progress has been made by alloying
transition metals with other noble metals.""*" Although the
alloying is considered an eficient strategy to enhance the HER
performance, a deeper understanding of the origins behind
their remarkable catalytic efficiency for alloy electrocatalysts is
still ambiguous. Synchrotron radiation-based X-ray absorption
spectroscopy (XAS) analysis, together with experimental
characterization and theoretical simulation, has gradually
been introduced to identify the actual catalytic active sites of
the HER. However, due to the difficulty in identifying catalytic
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Figure 1. Preparation and characterization of np-Cu,4y_,Ru,. (a) Schematic illustration of the preparation procedure. (b) XRD patterns of
np-Cu, np-CuggRu,,, np-Cug;Ru,,, and np-CussRugs. (c) STEM-EDX elemental mapping of np-Cug;Ru,,. (d) HAADF-STEM image. Inset:
magnified image. (e) Cu 2p core-level XPS spectra recorded on np-CugzCu,,, np-Cug;Ru,,, np-CussRugs, and np-Cu. (f) Normalized XANES
at the Cu K-edge of np-Cug;Ru,,, Cu foil, np-Cu, and Cu,O. (g) FT k*-edge weighted c(k)-function of the EXAFS spectra for the Cu K-edge.

Scale bars: (c,d) 5 nm, inset of (d): 1 nm.

active sites under realistic operation conditions, it has been
challenging to construct and identify new catalysts with better
activity and stability than Pt-based catalysts. Herein, we
present a new platinum-free nanoporous (np) Cu—Ru alloy as
a high-performance electrocatalyst for the HER. As an earth-
abundant and low-cost metal, monometallic Cu is known to be
poor HER catalysts because their hydrogen binding energy
(HBE) values are too weak.’”® However, ruthenium is
regarded as a promising HER electrocatalyst in alkaline media
due to the fast water dissociation process.”*™>° However, the
interaction between Ru and H atoms is usually too strong such
that making the subsequent hydrogen desorption process
becomes more difficult. By alloying Cu with Ru, the
incorporation of Ru atoms in the Cu matrix enhances the
strength of Cu—H interaction, while it weakens the strong Ru—
H interaction to significantly improve the overall HER
efficiency in basic or neutral media via accelerating water
adsorption/activation and optimizing H adsorption/desorp-
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tion. Combined with the unique three-dimensional inter-
connected porous structure, it is beneficial to charge transfer
and electrolyte infiltration during the HER process. Signifi-
cantly, the optimized np-Cus;Ru,, exhibits long-term oper-
ation stability with nearly zero onset overpotential and ultralow
Tafel slopes (~30 and ~35 mV dec™") in both 1.0 M KOH
and 1.0 M phosphate buffer solution (PBS) electrolytes,
achieving a catalytic current density of 10 mA cm™ at low
overpotentials of ~15 and ~41 mV, respectively. These
impressive HER performances are comparable to the values of
state-of-the-art catalyst materials”**”*® or even better than
them (including the commercial Pt/C catalyst).>"' >3
Nanoporous binary Cu—Ru alloys are prepared through
dealloying a single-phase ternary Ru;Cu,,Mn,5 precursor in
(NH,),SO, solution to remove Mn (Figures S1, S2, and
1a);>'7** then, the atomic ratio of Cu/Ru in the binary Cu—
Ru alloy is further tuned by controlling the corrosion time and
is confirmed by energy-dispersive X-ray spectroscopy (EDS)
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Figure 2. HER activity of nanoporous Cu—Ru alloy electrocatalysts. (a) Polarization curves and (b) Tafel plots of np-CuggRu,,, np-Cug;Ru,,,
and np-CuysRugs for HER with iR compensation in 1.0 M KOH. (c) Mass activity (MA) and price activity (PA) of Pt/C, Ru/C, and np-
Cug;Ru,, at the overpotential of # = 50 mV vs RHE. (d) Comparison of both the kinetics (Tafel slope) and activity (the overpotential
required to achieve 10 mA cm™2) with references all measured for HER in alkaline electrolyte. (e) TOF values of np-Cug;Ru,, (red dot)
together with previously reported HER electrocatalysts at —100 mV vs RHE. (f) Faraday efficiency obtained by np-Cug;Ru,, in 1.0 M KOH.

and an inductively coupled plasma-optical emission spectrom-
eter (ICP-OES) (Figure S3 and Table S1). X-ray diffraction
(XRD) shows the three main peaks of a single-phase face-
centered cubic (FCC) structure with the lattice parameters
between those of FCC Ru (PDF #88-2333) and FCC Cu
(PDF #04-0836) (Figure 1b), indicating the homogeneous
formation of the np-Cu,g_,Ru, (x = 12, 47, 65) alloy. We then
performed Rietveld refinements of the XRD patterns in order
to obtain further information on the structure of the prepared
nanoporous alloys. The lattice constant of np-Cug;Ruy; is
estimated to be 3.692 A for the FCC phase (Figure $4),
whereas those of np-Cu and standard FCC Ru are 3.621 and
3.825 A (mp-8639). The correlation between the calculated
lattice constants and the metal compositions of the nano-
porous Cu—Ru is shown in Figure SS. The lattice constants
follow Vegard’s law well, with small deviations due to the
lattice strain caused during the dealloying process.”® These
results indicate the formation of the np-Cug;Ruy, solid—
solution alloy.***” The energy-dispersive X-ray (EDX) spec-
troscopy elemental mapping further demonstrates that Ru and
Cu atoms are uniformly distributed in the synthesized np-
Cug;Ruy; alloy (Figure 1c). The color contrast between the
bright ligaments and dark pores from high-angle annular dark
field-scanning transmission electron microscopy (HAADF-
STEM) image indicates the formation of an interpenetrating
ultrafine ligament and nanopore structure with a pore size of
less than S nm (Figure 1d); these results indicate that we
successfully synthesized nanoporous binary Cu—Ru alloys with
different components through a dealloying process. N,
adsorption—desorption measurements further verified that
np-Cug;Ru,; shows a large Brunauer—Emmett—Teller (BET)
surface area of 80.21 m?*/g with an average nanopore size of ca.
3.5 nm using the Barrett—Joyner—Halenda (BJH) method
(Figure S6). X-ray photoelectron spectroscopy (XPS) was
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performed to examine the surface chemical state of the Cu—Ru
alloys. Figure le shows the Cu 2p core-level spectra of np-
Cuygo_Ru,. The Cu 2p peaks gradually shift to higher binding
energy with increasing Ru content, which is ascribed to the
incorporation of Ru atoms into the Cu matrix, resulting in a
slight variation of surface electronic structures in the
nanoalloys.”’ Meanwhile, the Ru 3ds/, peaks of the np-
Cuygo_Ru, alloy show a negative shift compared to that of
pure Ru (280.5 eV) (Figure S7),* which is ascribed to the
efficient electronic interaction between Ru and Cu atoms in
the Cu—Ru alloy, leading Ru to bear a negative charge. X-ray
absorption spectroscopy (XAS) is performed to further probe
the electronic and local structure of the np-Cug;Ruy; at the
atomic level. Figure 1f,g exhibits Cu K-edge X-ray absorption
near-edge structure (XANES) (Figure 1f) and Fourier
transform extended X-ray absorption fine structure (FT-
EXAFS) (Figure lg) spectra, together with the np-Cu, Cu
foil, and Cu,O as comparisons. The EXAFS fitting results are
described in Figure S8 and Table S8. The Cu K-edge XANES
spectra of np-Cus3Ruy; shows a much lower leading edge at
8980 eV compared to that of the np-Cu, which suggests a
much lower unoccupied density of 4p states at the Fermi level
after incorporation of Ru into the Cu matrix (Figure 1£).* The
corresponding FT-EXAFS spectra in Figure 1g exhibit a
prominent peak at ~2.28 A, which is different from the Cu—
Cu characteristic peak (~2.22 A) of pure np-Cu and Cu foil.
This result confirms that Cu—Ru bonds could be formed after
incorporation of Ru into the Cu lattice. Besides, there may be
some defects in the dealloying process because of the
undercoordinated surface atoms, as indicated in Figure 1g,
which is expected to enhance the catalytic performance of the
np-Cug;Ruy, alloy. The Ru K-edge XANES of np-Cug;Ru,,
shows a small shift to lower energy compared to Ru foil,
indicating a lower Ru valence state on np-Cus;Ru,, (Figure
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Figure 3. Operando XAS characterization of the np-Cug;Ru,; at a series of applied potentials. (a) Operando XANES spectra recorded at the
Cu K-edge of np-Cu at different applied voltages from the open-circuit condition to —0.3 V vs RHE during electrocatalytic HER. (Inset)
Magnified white line peak XANES region. (b) Operando XANES spectra recorded at the Cu K-edge of np-Cug;Ru,, at different applied
voltages from the open-circuit condition to —0.3 V vs RHE during electrocatalytic HER (the apparent jitter of curve of the applied voltage at
—0.3 V vs RHE is caused by the bubble of hydrogen production). (Inset) magnified white line peak XANES region. (c) Corresponding
Fourier transform (FT) XANES spectra of np-Cu. (d) Corresponding FT XANES spectra of np-Cug;Ru,,. (e) Operando XANES spectra
recorded at the Ru K-edge of np-Cug;Ru,, at different applied voltages from the open-circuit condition to —0.3 V vs RHE during
electrocatalytic HER. (Inset) Magnified pre-edge XANES region. (f) Corresponding FT XANES spectra of np-Cug;Ru,;. (g) Schematic
illustration of the HER mechanism determined by in situ and operando XAS analysis of np-Cug;Ru,, in alkaline media.

S9a). The main peak in FT-EXAFS spectra of Ru K-edge
displays a different key length from that in Ru foil due to the
Ru—Ru/Cu contribution (Figure S9b).**

The electrochemical catalytic activities of the np-Cu,y,_,Ru,
(x = 12, 47, 65) alloys for HER were conducted by a typical
three-electrode electrochemical system in Ar-saturated 1.0 M
KOH electrolyte. Figure 2a shows the linear sweep
voltammetry (LSV) curves with iR correction of np-
Cuygo_ Ru, (x = 12, 47, 65), together with commercial Ru/
C and Pt/C catalysts as the benchmarks. The onset and
operation overpotentials (1) of np-Cuoo_,Ru, show a
“decrease—increase” trend with increasing Ru content. The
np-Cug;Ru,; shows the best HER performance in terms of the
extremely low overpotential of —15 mV vs RHE at the
electrode current density (j) of —10 mA cm™, which is 11 and
85 mV lower than those of Pt/C and Ru/C, respectively.
Significantly, the np-Cus;Ru,;, shows a negligible onset
overpotential versus RHE in basic solution (Figure S10).
The extrapolation from the linear region of the overpotential
versus the log j plot (Figure 2b) gives a small Tafel slope of 30
mV per decade (mV dec™) for np-Cug3Ru,,, lower than those
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of Pt/C (33 mV per decade) and Ru/C (51 mV per decade).
The electrochemical impedance spectroscopy (EIS) measure-
ments of np-Cug;Ruy, further confirm that the incorporation of
Ru atoms into the Cu matrix brings about small internal
resistance and fast charge transfer behavior (Figure S11), thus
realizing rapid HER kinetics. Furthermore, double-layer
capacitance (Cy) is identified as an important indicator for
the effective electrochemically active surface area, and results
reveal a larger Cy of np-Cug;Ruy, (59 mF cm™2) compared
with that of np-Cu (8.5 mF cm™2) (Figure S12), suggesting
more accessible active sites constructed on np-Cus;Ruy;. The
ECSA-normalized LSV curves in Figure S13 are employed to
highlight the intrinsic catalytic activity. It is obvious that the
ECSA-normalized current density of np-Cus;Ruy; is larger than
that of np-Cu, implying that the higher HER activity of np-
Cus;Ruy; results from not only the increased ECSA but also
the enhanced intrinsic catalytic activity induced by the
incorporation of Ru atoms. Additionally, the mass activity of
HER for np-Cug;Ruy; at an overpotential of —S0 mV vs RHE
is 199.59 mA mg_1 by normalizing to the Ru loading, which is
2.4 and 18 times greater than those of the commercial Pt/C
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(10 wt % Pt/C, 81.08 mA mg_l) and Ru/C (10 wt % Ru/C,
10.71 mA mg™') catalysts, respectively. The price activity of
HER for np-Cus;Ru,; is also evaluated at an overpotential of
—50 mV (Figure 2c and Tables S2 and S3), which is 12 and 18
times greater than those of the commercial Pt/C (2.36 A dollar
') and Ru/C (1.55 A dollar™") catalysts, respectively. These
results indicate that the alloying Cu with Ru can maximize the
catalytic activity, lowering the cost of HER catalysts. This is
further verified by contrast of the Tafel slopes and the
overpotentials at a current density of 10 mA cm™ in the basic
solution. As shown in Figure 2d, the np-Cug;Ruy, exhibits
superior HER performance to commercial Pt/C and other
available Ru-based HER catalysts in the basic solution (Table
§4).28739%9% The TOF of np-Cug;Ru,, at —100 mV vs RHE
was calculated to be 1.139 H, s™' (Figure 2e), which is better
than that of most previously reported catalysts (Table
§5).19%7% In addition, the generated H, production was
analyzed by gas chromatography, which shows that the Faraday
efficiency of np-Cug;Ruy, is close to 100% under different
applied potentials (Figures 2f and S14).

In addition to the basic media, the HER performance of the
np-Cug;Ruy; is further evaluated in neutral media. As shown in
LSV curves (Figure S15a), similar to the HER activities in
basic media, the overpotential at 10 mA cm™ of np-Cug;Ruy;
is only 41 mV in 1.0 M PBS solution, which is not only much
smaller than those of commercial Pt/C (50 mV) and Ru/C
(128 mV) but also comparable to those of many other
reported HER catalysts (Table $6).*°"*® Moreover, the np-
Cug;Ruy; shows the smallest onset overpotential of ~2.9 mV vs
RHE (Figure S16). The Tafel slope of np-Cug;Ruy,; (~35 mV
dec™) is much smaller than the values of Pt/C (~41 mV
dec™), Ru/C (~86 mV dec™), np-CuysRug (~53 mV dec™?),
and np-CuggRu;, (~94 mV dec™') (Figure S15b). Addition-
ally, the durability of the np-Cug;Ru,; is evaluated by
chronoamperometry in 1.0 M KOH and 1.0 M PBS (Figure
S17). The current density of the np-Cug;Ruy, alloy shows a
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negligible change at a continuous applied potential after long-
term operation. The HER stability of the np-Cug;Ru,, catalyst
is also verified by the fact that no detectable change of phase
and element valence states of the alloy is observed after long-
term operation (Figures S18 and S19). These results
unambiguously demonstrate that np-Cug;Ruy; has excellent
stability.

To elucidate the origins of the high catalytic activities of the
nanoporous Cu—Ru alloy, the operando XANES and FT-
EXAFS spectra were measured under real HER working
conditions to probe the nature activity and local atomic
environmental changes of the np-Cus;Ruy, alloy with a self-
contained unit (Figure S20). During the measurements, the
working electrode potential was first increased in steps from
the open-circuit voltage (OCV, ~0.9 V vs RHE) to —0.3 V vs
RHE. Figure 3a,b shows the operando Cu K-edge XANES
spectra of np-Cu and np-Cug;Ru,; alloy at different operating
potentials, respectively. As shown in Figure 3a, with an increase
of the applied potentials from the OCV to —0.3 V vs RHE, the
white line peaks of np-Cu show a negligible change, while
those of the np-Cug;Ru,, alloy show an obvious shift toward
the higher direction intensity (Figure 3b), indicating a change
of the local electronic environment of Cu atoms during the
HER."”” The findings are further confirmed by corresponding
FT-EXAFS spectra in Figure 3c,d. The extension of the radial
distance of the Cu—Cu/Ru shell with the applied bias is
observed on the np-Cug;Ruy; alloy (Figure 3d), while it is not
seen on the np-Cu catalyst (Figure 3c). These results illustrate
that the change of electronic structure might promote the
interaction between Cu atoms and an intermediate and
optimize the adsorption/desorption of H.** Moreover, the
operando XANES spectra at the Ru K-edge of the np-Cug;Ru,;
alloy are also recorded in Figure 3e; with an increase of the
applied potentials from the OCV to —0.3 V vs RHE, the
absorption edge of the Ru K-edge shows an obvious shift
toward lower energy, implying a decrease in the Ru valence
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state of the np-Cug;Ru,; alloy during the HER. The result
further demonstrates that Cu transfers electrons to Ru during
the HER process due to the ligand effects, which can modulate
the state of the adsorbed hydrogen intermediate, thereby
improving the catalytic activity of the alloy.”” The results are
further verified by FT-EXAFS spectra of the Ru K-edge of the
np-CugzRuy; alloy. As shown in Figure 3f, the scattering of
Ru—O at the Ru atoms gradually disappears with an increase of
the applied potentials, whereas the intensity of the Ru—OH
shell is gradually enhanced during the HER process, which
suggests more OH,4, adsorbed on Ru atoms in the Volmer
reaction of the HER process, thus accelerating the whole HER
process in alkaline conditions. Moreover, the decreased
intensity and high-R shift observed from the Ru—Ru/Cu
shell during HER might be attributed to the interaction of the
Ru atom with the OH,4, resulting in a decrease of the
coordination number and change of the atomic environment
around Ru atoms. On the basis of the operando XAS results of
np-Cug;Ruy;, the HER catalytic reaction is initiated by
adsorption of H,O molecules onto the Ru sites in alkaline
electrolyte (Figure 3g) and then undergoes dissociation into
intermediate OH,4; and H,4; on the Ru through the Volmer
step. Subsequently, the generated H, 4, could react with another
proton from a neighboring H,O molecule to generate H, (step
II shown in Figure 3g). The above results indicate that the
incorporation of Ru atoms in a Cu matrix might optimize the
electronic structure of the alloy, which not only accelerates
H,O adsorption and dissociation processes but also optimizes
adsorption/desorption of H behaviors during the HER.
Density functional theory (DFT) calculations were further
carried out to reveal the origins of the superior HER
performance on np-Cug;Ruy, alloy (Figure 4 and Table S7).
The projected density of states (PDOS) results show the
orbital hybridization between the Ru 3d orbital and the Cu 3d
orbital after the incorporation of Ru atoms into the Cu matrix,
which indicates that the alloying could effectively optimize the
d-electron domination of Cu and Ru atoms. Significantly, the
unoccupied electron density of Cu at the Fermi level increases
after the incorporation of Ru atoms into the Cu matrix (Figure
S21), while the electron density of Ru decreases, which could
be attributed to electron transfer from Ru to Cu after the
incorporation of Ru atoms into the Cu matrix. The above
observations are in agreement with the XAS measurements
(Figure 1g). In general, HER in alkaline or neutral conditions
involves a two-step pathway, including adsorption and
dissociation of a H,0O molecule, adsorption of H, and
desorption of a H, molecule from the catalyst surfaces
(Figures 4a and S22). The kinetic energy barrier of the prior
Volmer step [AG(H,0)] and hydrogen adsorption energy of
the Tafel step [(AG(H)] were calculated based on established
electrocatalyst models including the FCC Cu(001), FCC
Ru(001), and FCC CusoRus(001). As shown in Figure 4b,
monometallic Cu has a large water dissociation energy barrier
[AG(H,0) = —2.345 eV] for the Volmer step, implying an
extremely sluggish Volmer process. In contrast, the AG(H,0)
of the CugoRuy, alloy at Ru sites decreases to —0.551 eV, even
lower than that of monometallic Ru (0.986 V), indicating that
the sluggish Volmer process is obviously accelerated after the
incorporation of Ru into the Cu matrix. In addition, the
hydrogen adsorption free energy (AGy) in Figure 4c shows a
AGy value of 0.092 eV for CugiRug, at Ru sites and a AGy
value of 0.251 eV for CusgRug, at Cu sites, substantively lower
than that on monometallic Cu and Ru. These results indicate
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appropriate H adsorption on Cu and Ru sites of Cu—Ru alloy
compared to pure Cu or Ru. Therefore, the incorporation of
Ru atoms into the Cu matrix not only accelerates the reaction
step rates of water adsorption and activation but also optimizes
adsorption—desorption energetics toward H intermediates on
Cu and Ru activity sites of the Cu—Ru alloy, improving the
HER catalytic activity.

In summary, we have successfully developed novel nano-
porous Cu—Ru solid solution alloys whose parent metals are
immiscible by rapid solidification combined with a dealloying
strategy for high-efficiency HER. Significantly, the optimized
np-Cug;Ru,, alloy exhibits exceptional performance with a
negligible onset overpotential and ultralow Tafel slopes (~30
and ~35 mV dec!) in both 1.0 M KOH and 1.0 M PBS
electrolytes, achieving a catalytic current density of 10 mA
cm™? at low overpotentials of ~15 and ~41 mV, respectively.
These excellent HER performances are comparable or even
better than that of the state-of-the-art catalysts, including the
commercial Pt/C catalyst in terms of both performance and
price. Operando X-ray absorption spectroscopy experiments, in
conjunction with DFT simulations, demonstrate that the
incorporation of Ru atoms into the Cu matrix could effectively
optimize the d-electron domination of Cu and Ru atoms and
decrease the energy barrier, improving the performance of
HER. This work not only successfully synthesizes bimetallic
alloys but also sheds light on the realization of inexpensive and
efficient systems for energy conversion.
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